Little is known of the degree that polypeptide sequence and local environment modulate the structures of O-linked glycans. Towards this understanding, the site-specific mono-(GalNAc-O-), di- by guest on
Introduction
The O-glycosylation of serine and threonine residues with glycans linked through Nacetylgalactosamine (GalNAc) footnote 1 is a common post-translational modification of a wide range of secreted and membrane associated proteins. One class of highly O-glycosylated proteins are the mucus glycoproteins commonly called mucins (1) . These glycoproteins are typically 20-30% Ser and Thr, are between 50 and 80% carbohydrate by weight and commonly contain tandemly repeated peptide sequences. Mucins and glycoproteins containing mucin-like domains play a major role protecting epithelial cell surfaces and are thought to be involved in modulating many biological processes including the immune response, adhesion, inflammation, tumorigenesis and perhaps development (2-9).
The first step in O-glycan synthesis is the transfer of GalNAc to Ser/Thr residues, by UDPGalNAc:polypeptide α-GalNAc transferase (ppGalNAc transferase). To date, ten ppGalNAc transferase isoforms have been described (9) (10) (11) (12) (13) (14) (15) (16) . Although each transferase has not been fully characterized, their peptide substrate specificities vary within the family (11, (17) (18) (19) (20) (21) ; many show sensitivity to prior glycosylation and others require prior addition of GalNAc for activity (9, 14, 20, (22) (23) (24) . The expression of ppGalNAc transferase isoforms with different peptide and/or glycopeptide specificities therefore represents the first step in the regulation of O-glycan structure by peptide sequence in vivo. Subsequent elongation of O-linked glycans proceeds by the step-wise addition of single sugar residues via a series of substrate specific Golgi resident transferases (25). It is well accepted that Golgi localization, nucleotide sugar concentration and competition among transferases are major dictates of O-glycan structure and
With the goal of understanding the influence of peptide sequence and structure on mucin Oglycosylation, our laboratory has previously reported the site-specific GalNAc-O-Ser/Thr and core-1 ([R1-,R2-]β-Gal (1-3) α-GalNAc-O-Ser/Thr) glycosylation patterns of 29 of the 31 glycosylated residues in the 81 residue tandem repeat of the porcine submaxillary mucin (PSM) pooled from several different animals (34, 37) (see Figure 1 for the glycan structures and tandem repeat sequence of PSM(47-52)). We found that the extent of GalNAc core glycosylation was site-specific and that the degree of core-1 glycosylation appeared to inversely correlate to the density of Ser and Thr residues in the polypeptide sequence. From the latter finding, we suggested that the oligosaccharide side chain length may also correlate with the density of glycosylated Ser and Thr residues. These results suggested the reasonable possibility of steric interactions of neighboring glycosylated Ser and Thr residues affecting glycan elongation.
In this manuscript we have extended these studies to the characterization of the site-specific glycosylation pattern of the PSM tandem repeat isolated from a group of A blood group-negative animals, obtaining the mono-(GalNAc-O-Ser/Thr ) di-(β-Gal (1-3) α-GalNAc-O-Ser/Thr) and tri-(α-Fuc (1-2)
β-Gal(1-3) α-GalNAc-O-Ser/Thr) saccharide distributions at each individual glycosylation site. The analysis of the glycan distributions from PSM obtained from 3 different animals with similar oligosaccharide compositions gave highly reproducible site-specific glycosylation patterns with GalNAc and core-1 glycosylation patterns nearly identical to those previously described for pooled mucin(34, 37).
The analysis of the complete glycosylation pattern of these mucins provides additional support for the notion that oligosaccharide side chain structures and side chain lengths may be modulated to a significant extent by the density of neighboring (presumably partially glycosylated) hydroxyaminoacid residues in indirectly, by local peptide sequence. This work represents the most complete characterization to date of the in vivo O-linked glycosylation pattern of any highly O-glycosylated glycoprotein.
Methods
Mucin isolation and characterization. Paired frozen porcine submaxillary glands from individual animals were obtained from Pel-Freez (Rogers, AK) and screened for the presence of A blood group determinants by the ability of gland extracts (47) to inhibit the agglutination of human A-positive erythrocytes with Phaseolus Limensis lectin (Sigma Chemical Co., St. Louis, MO). Mucin used in this work was purified from paired blood group A-negative glands. Oligomeric PSM tandem repeat glycosylated domains, called TR-PSM, were obtained after trypsinization and gel filtration chromatography of the reduced and carboxymethylated mucin as previously described (37). Tandem repeat domains were further purified from contaminating globular proteins by passage through SPSephadex (Pharmicia) equilibrated with 50mM formic acid pH 4 followed by passage through Octyl Sepharose (Pharmicia) equilibrated with 1M (NH 4 ) 2 SO 4 , 100mM NaH 2 PO 4 pH 5. The oligosaccharide composition of the purified mucin was obtained by integration of the anomeric carbon resonances of the carbon-13 NMR spectrum (50), see below.
Mucin glycan modifications. Mild, 0 o C, trifluoromethanesulfonic acid (TFMSA)/anisole treatments (37, 53) were used to trim O-linked glycans from intact or modified TR-PSM domains, leaving intact peptide linked GalNAc residues. This treatment on intact TR-PSM gives TTR-PSM containing GalNAc residues at all positions originally containing glycans, irrespective of glycan length or structure. We shall refer to glycopeptides derived by this approach as "Native-GalNAc"-PSM tandem repeats.
Selective removal of C3 unsubstituted GalNAc residues on TR-PSM by periodate oxidation conditions the degradation of the peptide core was kept to a minimum while completely removing oxidized GalNAc. These preparations were further purified by gel filtration chromatography on Sephacryl S200 as previously described (34, 37).
The trisaccharide site-specific glycosylation pattern was determined by the enzymatic conversion of the disaccharide side chains to monosaccharide side chains followed by periodate oxidation and mild TFMSA. Unsubstituted β-(1-3) Gal residues of the disaccharide were selectively removed from 20-30mg of TR-PSM in 2-4 ml of buffer by placing in dialysis tubing with 5-8 U of bovine testes β-galactosidase (Sigma, or Glyco Inc, Novato CA) and dialyzing against 250mL 100 mM sodium citrate pH 4.5, overnight at 33 o C. A prior treatment with 1 U of Clostridium perfringens neuraminidase (Sigma) dialyzed against 250mL 100 mM sodium acetate pH 5.0, for 4-8 hr at 33 o C was performed to remove sialic acid which might interfere with the removal of β-Gal. Glycosidase treatments were repeated until complete removal of β-Gal and sialic acid was demonstrated by the complete loss of the β-Gal and sialic acid anomeric carbon-13 NMR resonances at 105 and 101 ppm respectively(50). These preparations after oxidation/reduction and TFMSA treatments (as described above) yield mucin containing GalNAc residues only at sites that originally contained fucosylated trisaccharide. These TROGNTR-PSM preparations (designated "Trisaccharide" PSM tandem repeat domains), were further purified by Sephacryl S200 chromatography (data not shown) giving a major high molecular weight excluded volume peak identical to those previously reported (34, 37).
To confirm the specificity of the chemical periodate oxidation/reduction approach for removing unsubstituted GalNAc residues, an enzymatic approach was also performed using the α-Nacetylgalactosaminidase from chicken liver (Sigma). Briefly 5-10 mg of β-galactosidase-neuraminidase treated mucin, was incubated with 5-10 U of α-N-acetylgalactosaminidase and dialyzed against ~250 mL Fully deglycosylated apo-PSM was obtained from "Native GalNAc" PSM oligomeric tandem repeats (containing only peptide linked GalNAc residues) as described earlier by oxidation and alkaline elimination (53) .
PSM tandem repeat isolation. The 81 residue tandem repeat glycopeptides were obtained from the above "Native GAlNAc", "Core-1" and "Trisaccharide" PSM preparations after trypsinolysis with 1% modified sequence grade trypsin (TRSEQZ, Worthington Biochemicals) in 50mM (NH 4 ) 2 CO 3 pH 8.5
for 7 hr at 37 o C (37). Trypsin was inhibited by the addition of 1 mM phenylmethylsulfonylfluoride.
Tandem repeat glycopeptides were pooled after chromatography on Sephacryl S200. The GluC -Cterminal portion of the tandem repeat glycopeptide (residues 39-79) was obtained after N-terminal biotinylation and digested with protease Glu C as described (34). The large C-terminal glycopeptide beginning at residue 39 of the tandem repeat was isolated from the N-terminal glycopeptide after passage through a 1 ml immobilized Avidin column (Pierce) and subsequent Sephacryl S200 gel filtration.
Amino acid sequencing. Pulsed liquid phase Edman degradation amino acid sequencing was performed on an Applied Biosystems Procise 494 protein sequencer (Perkin-Elmer, Applied Biosystems Div., Foster City CA) using manufacturer recommended pulse liquid cycles as described previously (34, 37). Amino acid phenylthiohydantoin (PTH) derivatives were chromatographed on an ABI 5µm C18
PTH column using the fast normal I gradient program. The PTH-Ser/Thr-O-GalNAc elute as two diastereotopic peaks in the chromatogram at relatively unique positions (37). Pico-moles of PTH derivatives were obtained after eliminating long range cycle preview and lag for each PTH derivative by a simple base line subtraction approach as described (37). Corrections for the overlap of the second eluting amino acid compositions (obtained by summing the non-baseline corrected picomole content over all cycles of the sequence determination, typically greater than 40 cycles) regardless of the extent of GalNAc glycosylation of the tandem repeat. With these values, all preparations, from apo-to highly glycosylated "Native-GalNAc" PSM, gave identical amino acid compositions regardless of their extent of glycosylation, with standard deviations of 1 mole percent or less for all residues including Ser and Thr (utilizing all 17 full length tandem repeat determinations performed in this study as well as 3 apo tandem repeat determinations). Using the N-terminal sequence of the tandem repeat, the summed Edman derived amino acid composition was found to be consistent with a 97.5% repetitive yield. The same set of response factors were utilized for the processing of all Edman sequencing data described in this work. (50) have revealed that the relative proportion of these glycans varies among pigs, ranging from animals having over 50% the A blood group tetrasaccharide to animals having nearly equal amounts of the di-and tri-saccharide and no tetrasaccharide. In the present study we chose to determine the site-specific glycosylation pattern of the latter class of animals having nearly equal amounts of the mono, di and tri saccharide and no tetrasaccharide (see Table I ). It was anticipated that from the analysis of these mucins we would be able to determine the extent that the activity of the α2-fucosyltransferase may be modulated by local peptide sequence. 
bovine testis β-galactosidase was used to remove the β-Gal residues from the disaccharide (β-Gal(1-3) α-GalNAc-O-Ser/Thr), leaving mucin containing only monosaccharide and trisaccharide glycans.
Subsequent periodate oxidation and mild TFMSA/anisole treatment removed the monosaccharide GalNAc residues while trimming the trisaccharide to GalNAc. The determination and quantification of the sites of trisaccharide attachment was obtained by the Edman sequencing of the so derived "Trisaccharide" PSM tandem repeat obtained after trypsinolysis. Thus, by sequencing a series of sequentially deglycosylated "Native-GalNAc", "Core-1" & "Trisaccharide" PSM tandem repeat preparations, the site-specific mono, di and tri saccharide distributions can be obtained. Figure 2 shows the carbon-13 NMR spectra for several of the deglycosylated preparations PSM B10 isolated from a single animals. As discussed in the figure legend, the spectra clearly demonstrate the selective removal of carbohydrate by neuraminidase & β-galactosidase, Figure 2B , and the increasing removal of GalNAc between the "Native GalNAc", "Core 1" and "Trisaccharide" PSM tryptic tandem repeats, Figures 2D-F . Also included in Figure 2 are the NMR spectra of fully deglycosylated apo mucin, Figure 2G , and of a preparation of β-galactosidase PSM B10 that has had its monosaccharide
GalNAc residues removed by α-N-acetylgalactosaminidase, Figure 2C . As discussed in the figure legend and below, the latter spectrum shows that α-N-acetylgalactosaminidase removes nearly the same amount of unsubstituted GalNAc as does the periodate oxidation-reduction-TFMSA procedure, Figure   2F .
The approximate extent of glycosylation determined from the NMR resonance areas of selected GalNAc and peptide carbons and protons (data not shown) is given in Table II . (Note that the average extent of glycosylation from the NMR data may not fully agree with the individual Ser and Thr glycosylations given since different sets of resonances were used for each determination; see Table II legend). For the most part the NMR derived values agree reasonably well with the expected extent of glycosylation, although as discussed below the net "Trisaccharide" glycosylation is somewhat higher than expected. Both the proton and carbon-13 NMR analysis of the "Trisaccharide" derivatives indicate that
Ser residues are more highly glycosylated than Thr residues (Table II) acetylgalactosaminidase was used to remove monosaccharide GalNAc residues rather than periodate and TFMSA, Figure 2C , and Table II . Therefore, the differences in Ser and Thr glycosylation are not likely artifacts of the chemical deglycosylation approach.
Amino acid sequencing and glycosylation pattern determination. Edman amino acid sequencing was performed on the differentially deglycosylated TFMSA treated, 81 residue "Native GalNAc", "Core preparations described above. The 40 residue C-terminal glycopeptides resulting from Glu-C digestion were also sequenced to complete the analysis of the C-terminal portion of the tandem repeat.
Representative Ser and Thr sequence profiles are given in Figure 3 and the average residue-specific glycosylation for each PSM preparation (and the average of all three) are summarized in Table III .
These data are further summarized in Table II , and are in good agreement with the proton and carbon-13 NMR derived glycosylation values. As with the NMR analysis, the Edman sequence analysis reveals a higher extent of glycosylation of Ser residues relative to Thr in the "Trisaccharide" PSM derivatives.
These differences in Ser/Thr glycosylation are also detected when the extent of Ser and Thr Oglycosylation is estimated by the amino acid analysis of the β-eliminated and reduced samples, Table II .
Therefore, with three different PSM preparations using two different NMR approaches ( 13 C and 1 H NMR), two different analytical chemical approaches (Edman sequencing and amino acid analysis after β-elimination and reduction) and two different methods for the removal of monosaccharide GalNAc residues (periodate oxidation and α-N-acetylgalactosaminidase) it is consistently found that Ser residues are more highly glycosylated by the trisaccharide than Thr residues. Combining all the analytical data in Table II , the average trisaccharide enhancement of Ser residues over Thr residues is approximately 1.6
fold.
Edman sequencing derived values for the oligosaccharide distribution and percent GalNAc glycosylation for each of the three different PSM preparation are given in parentheses in Table I (Table II) . The elevated glycosylation of the "Trisaccharide" derivatives leads to a 30 to 40% increase in the calculated trisaccharide distribution at the expense of the disaccharide distribution over expected (columns 2 & 3, Table I ). Nevertheless, the general differences among PSM preparations are preserved, with PSM B10 containing more disaccharide and less tetrasaccharide than PSM 12 or B7. After this discrepancy was noted, a series of studies were performed to determine the origins of the elevated glycosylation of the "Trisaccharide" derivatives.
First, it was necessary to determine whether the observed enhanced glycosylation of Ser could be the source of the increased total glycosylation due to specific destruction of nonglycosylated Ser as a result of the periodate oxidation or TFMSA treatments. This does not appear to be the case, since using α-N-acetylgalactosaminidase to remove mono saccharide GalNAc residues from β-galactosidase-treated mucin also reveals the enhanced glycosylation of Ser over Thr ( 13 C-NMR data Figure 2C & F & Table II) . We estimate that a 20-30% loss of poorly glycosylated mucin could account for the observed results. This results in an increase in the trisaccharide at the expense of the disaccharide over what would be expected (Table I ) but no change in the core 1 or monosaccharide compositions.
Therefore, the obtained site-specific glycosylation patterns are weighted towards the mucin fractions containing the more mature and more heavily glycosylated mucin molecules. These glycosylation patterns are expected to reasonably reflect the overall trends in site-specific glycosylation of the intact mucin.
PSM tandem repeat site-specific glycosylation pattern. Using the data in Table III we which is a measure of the relative density of Ser and Thr residues in the tandem repeat sequence (34). As discussed below, the S/T density appears to correlate with various aspects of the oligosaccharide distribution and with the in vivo peptide GalNAc (OG) density. Plots evaluating the correlation of the glycosylation patterns shown in Figure 4 with S/T density are given in Figure 5 .
A detailed examination of Figure 4 reveals that the glycosylation patterns of the three PSM derivatives are remarkably similar, although as discussed above, the trisaccharide content is greater than expected due to losses of poorly glycosylated tandem repeat. The distributions otherwise reflect each preparation's original relative oligosaccharide distribution given in Table I ; PSM 12 and B7 have very similar distributions, while PSM B10 has a distribution elevated in the disaccharide and lower in the mono and trisaccharide. In general, the monosaccharide values agree well with the values given in Table   I, while shown earlier (34), Ser residues are more variably glycosylated by GalNAc than Thr (total height of bars), while the monosaccharide content of Thr residues is somewhat elevated relative to Ser residues (black bars). As discussed above, the plots also show more trisaccharide side chains attached to Ser residues compared to Thr residues (grey bars).
The differences between the glycosylation of Ser and Thr are also revealed by the S/T density plots in Figure 5 . Plots of the percent monosaccharide versus S/T density show a statistical correlation with S/T density for Ser residues ( Figure 5A , p<0.0001, r 2 =0.28) but not for Thr ( Figure 5F , p=0.35, r 2 =0.08).
Inverse correlations with the core 1, di-and tri-saccharide contents with S/T density are also shown for readily glycosylated compared to Ser (11, (17) (18) (19) (20) (21) . Note that in Figure 5 , data from Ser 2 was excluded from the statistical analysis (open diamonds). This was justified because of the very low level of "Native" glycosylation observed for Ser 2, ~10% , which leads to very large errors in determining its glycosylation pattern by difference. In addition, Ser 2 is clearly an outlier on many of the plots.
Unusual local sequence effects, beyond S/T density, presumably dominate the glycosylation of Ser 2 (34, 37).
Several trends are predicted by the S/T density plots in Figure 5 . At high S/T densities (i.e. ~1) the plots suggest that Ser residues will only be ~30% glycosylated by the monosaccharide and will contain no di or trisaccharide. In contrast at very low S/T densities (i.e. ~0), Ser residues are predicted to be nearly fully elongated. They would be expected to contain ~20% and ~80% the di and trisaccharide side chains respectively, while containing few monosaccharide side chains. For Thr, there are few statistically significant trends with respect to S/T density, although, it would be expected that Thr residues would be relatively uniformly glycosylated at ~ 80% regardless of S/T density and would have more di and fewer trisaccharide side chains.
The normalized core 1 substitution pattern (i.e. %Gal on GalNAc) is given in Figure 6 A & E (where the white and grey bars represent the di and trisaccharide proportions respectively). This plot provides the relative site-specific propensity of the core 1, UDP-galactose: α-N-acetylgalactosamine β-1,3-galactosyltransferase (core-1 β3-Gal transferase) to add β-Gal to GalNAc irrespective of extent of Ser or Thr glycosylation by GalNAc. Note that for ease of presentation, averaged values obtained from the three PSM preparations have been plotted in Figure 6 . As we have shown previously on pooled mucin (34), these data clearly demonstrate that the propensity to add Gal varies uniquely along the peptide sequence, ranging from ~20 to nearly 100%. In addition, the plot suggests that the core 1 propensities appear to be indirectly associated with Ser/Thr density (grey line). Plots showing these correlations are given in Figure 7A and F for Ser and Thr respectively. Again, the propensity for core 1 glycosylation is highly correlated with S/T density for Ser ( p<0.0001, r 2 =0.49) but not for Thr (p=0.19, r 2 =0.09). Note that individual data points from each PSM preparation are plotted in Figure 7 and data for Ser 2 have been omitted in the correlation calculations for the reasons stated above.
Figure 6B also shows the normalized site-specific fucosylation pattern (i.e % Fuc on Gal) which reports on the propensity of the porcine GDP-fucose: galactose β1,3 α1,2-fucosyltransferase (α2-Fuc transferase) to transfer Fuc to β-Gal. The plots suggest that the fucosyltransferase adds sugar to the β-Gal residue in a nonuniform, site-specific manner, ranging from 35% to nearly 100%. However, when data for Ser and Thr linked glycans are plotted separately, Figure 6F , it is evident that within each residue type, the normalized extent of Fuc substitution is relatively uniform: ~ 80% for Ser and ~ 45% for Thr.
The site-specific variations in fucosylation in Figure 6B seem to be primarily due to Ser/Thr linkage type rather than any other unique local property of the peptide sequence. As confirmation, plots of Figures 7E and 7J show the Ser-and Thr-specific plots of S/T density versus overall peptide GalNAc (OG) density derived from the"Native" glycosylation patterns given in Table III . From these plots, it is clear that the S/T density values are highly correlated for both Ser and Thr residues, with the in vivo density of GalNAc (OG) glycosylation ( Figure 7E , p<0.0001, r 2 =0.69, Figure 7J , p<0.0001 r 2 =0.86).
These high correlations indicate that S/T density may be taken as a reasonable representation of a site's local density of peptide GalNAc glycosylation. On this basis we propose that the trends observed in densities, the extent of site-specific Ser/Thr glycosylation by GalNAc is decreased due to the reduced access of the ppGalNAc transferase to the peptide core ( Figure 5E ) Footnote 4 . Likewise, the accessibility of the core 1 β3-Gal transferase to a given GalNAc may also be reduced at high S/T density (i.e. high OG density) due to steric interactions. At high S/T (OG) densities it is found that the extent of core 1 substitution is decreased ( Figure 5B , C & D, & Figure 7A ) while the monosaccharide content is increased ( Figure 5A ). These trends cumulatively result in the observed inverse behavior of side chain length with Ser/Thr (OG) density observed in Figures 7C &D. It is intuitively very reasonable to expect that ppGalNAc transfease and core 1 β3-Gal transferase would be sensitive to local GalNAc glycosylation density, while α2-Fuc transferase, whose acceptor substrate is 2 residues removed from the peptide core would not. Attempts to relate the observed site-specific glycosylation patterns to other properties of the PSM mucin sequence such as predicted secondary structure have thus far been uninformative.
Discussion
The goal of this work was to further determine the extent that O-glycosylation patterns may be .
The present work was undertaken using mucin isolated from 3 individual blood group A-negative animals, with nearly identical overall oligosaccharide side chain distributions (Table I ). This was done to eliminate potential difficulties arising from characterizing mucin pooled from individuals with widely varying oligosaccharide side chain distributions. The obtained glycosylation patterns were found to be very similar among the different animals ( Figure 4) , and in keeping with the peptide-linked GalNAc and core 1 glycosylation patterns reported earlier on a pooled mucin preparation composed of a mixture of blood group A-positive and negative mucins (34, 37). These findings suggest that in the porcine salivary gland, the activities of the initiating ppGalNAc transferases and core-1 β3-Gal transferase that synthesize the core and core 1 glycans remain relatively constant between animals regardless of individual blood group activities. Individual to individual variability in the PSM oligosaccharide structures, therefore, arises predominantly at the stage of tri-and tetra-saccharide biosynthesis.
As discussed in the Results section, the procedure for obtaining the trisaccharide distribution leads to the loss of a fraction (20-30%) of poorly glycosylated mucin, either by the specific loss of nascent poorly glycosylated mucin molecules or by nonspecific loss of poorly glycosylated tandem repeats. As a result, the obtained glycosylation patterns are representative of a more mature more highly glycosylated fraction of mucin molecules.
This work has confirmed our earlier findings (34) that the porcine core-1 β3-Gal transferase is sensitive to peptide sequence and that a significant extent of its activity, particularly for Ser linked glycans, appears to be inversely correlated to local hydroxyamino acid density ( Figures 5B & 7A ). This effect was proposed to be due to inhibition of the transferase by local steric effects of neighboring glycosylated Ser and Thr residues (34). The highly correlated relationship of the S/T density function with the similarly derived in vivo peptide GalNAc (OG) density function, shown in Figures 7E & J, supports this interpretation. As it is observed in vitro, it is likely that in vivo Thr residues are more rapidly glycosylated by GalNAc than Ser residues; therefore, the initially glycosylated Thr residues may interfere with the subsequent glycosylation and elongation of neighboring Ser residues. In contrast, the more rapidly glycosylated Thr residues are likely to initially have poorly glycosylated neighbors, hence their initial rates of core 1 substitution would be less likely to affected by neighboring site glycosylation.
We may be observing the differential in Ser and Thr glycosylation kinetics, which may explain why the glycosylation of Ser residues is more highly inversely correlated to S/T density than the glycosylation of Thr residues. The above findings are also consistent with earlier observations from in vitro glycosylation studies on model glycopeptides where the specificities of both the ppGalNAc and core-1 transferases were proposed to be affected by steric effects of neighboring glycosylated residues (22, 23, 32, 33, 58, 59).
Other presently unknown sequence or conformational factors associated with S/T density may be the origin of the observed correlations. The termination of monosaccharide elongation by α2-6 sialylation of GalNAc is not a likely alternative explanation, since previous studies of the PSM oligosaccharide alditols (51) indicate that only about ~25% of the monosaccharide GalNAc residues are substituted by NeuNGl while ~50% of the core 1 substituted glycans were NeuNGl substituted. One would expect higher levels of monosaccharide sialylation if sialylation were playing a significant role in terminating GalNAc elongation. Work is in progress determining the site-specific sialylation patters of the PSM monosaccharide side chains to confirm this conclusion. Peptide substrate specificities for the sialyltransferases that specifically add α2-6 sialic acid to unsubstituted peptide linked GalNAc (ST6GalNAc I & II) have yet to be characterized (56, 57) .
In this work we have also shown that the extent of site-specific glycosylation of Ser residues by peptide-linked GalNAc appears to be inversely correlated with its S/T density ( Figure 5 E), suggesting that in vivo one or more of the porcine salivary gland ppGalNAc transferase(s) may be affected by steric interactions of neighboring glycosylated residues. Indeed, our in vitro glycosylation studies on apo-PSM with ppGalNAc T1 tend to support this conclusion (unpublished data).
For the 3 PSM preparations studied, the tandem repeat trisaccharide distribution is shown to vary in a relatively reproducible sequence-dependent manner (Figures 4 and 6B) . However, after grouping the Ser and Thr residues separately it was shown that these differences were predominantly due to the glycan's Ser/Thr glycosidic linkage ( Figure 6F ) rather than to differences in neighboring peptide sequence or to Ser/Thr density ( Figure 7B & G) . These results suggest that the porcine salivary gland α2-Fuc transferase, responsible for forming the trisaccharide, is particularly sensitive to Ser/Thr glycosidic linkage and less so to peptide sequence or Ser/Thr density. Possible origins for these differences are discussed below. The total trisaccharide content at a given site appears to be inversely correlated to Ser/Thr density on Ser linked glycans ( Figure 5D ). As discussed in the Results, this is due to the apparent sensitivity of the core-1 β3-Gal transferase, that synthesizes the precursor disaccharide, to It is interesting to compare the glycosylation patterns of individual residues. For example the 3 least glycosylated residues of Figure 4D , Ser2 Ser54 and Ser62 (9 to 32% glycosylated), all appear to have relatively high core-1 substitutions (54-99%, Figure 6A ) and high levels of fucosylation (84-95%, Figure   6B ), and therefore relatively long average side chain lengths (2.1-2.9 sugar residues per GalNAc, Figure   6D ). In contrast, Ser32 and Ser63 which are 45% and 39% glycosylated on average by GalNAc, respectively, are poorly core-1 substituted (21%, Figure 6A ) but these are highly fucosylated (100 & 90%, Figure 6B ). These residues therefore have somewhat shorter average side chain lengths (~1.4 sugars per GalNAc, Figure 6D ). The glycans on Thr29, Thr30, Thr 49 and Thr50 also have shorter average side chain lengths (1.4-1.8 sugars per GalNAc, Figure 6D ) but this is due to both lower core-1 glycosylation (30-55%, Figure 6A ) and lower fucosylation (33-45%, Figure 6B ). Figure 6D ) compared to the other Thr residues, due to both higher core-1 substitution (78-93%, Figure 6A ) and higher fucosylation (48-72%, Figure 6B ). Those residues with shorter side chains, Ser32, S63, Thr29, Thr30, Thr49 & Thr50, appear near peaks in the Ser/Thr density function ( Figure 6D ). Also note that the residues with the lowest and highest Ser/Thr densities, Ser43 and Ser63 have nearly the longest and shortest average side chain lengths, 2.7 and 1.4 residues per GalNAc respectively ( Figure 6D Note that the weighting coefficients reported in this manuscript differ from the incorrectly given coefficients in reference (34). The numerical values listed for the Ser-Thr densities of the PSM tandem repeat in reference (34), however, are correct and are actually based on the coefficients given in this work.
Footnote 3.
The differences in overall glycosylation of the α-Nacetylgalactosaminidase derived "Trisaccharide"-PSM B10 compared to the derivative obtained via oxidation and reduction after TFMSA treatment (~44 vs ~30%, Table II) suggest that the presence of oxidized and reduced GalNAc residues afford some protection from degradation by TFMSA. Therefore, the oxidation-reduction-TFMSA approach for selectively eliminating unsubstituted GalNAc residues is at present the best available approach for these studies.
Footnote 4
It should be noted that it is not inconsistent to have S/T density inversely correlated with the site-specific glycosylation of Ser residues by GalNAc while also having S/T density directly correlated with GalNAc (OG) density. In the former comparison a specific site is compared to S/T density while in the latter the net properties of several neighboring residues are compared to S/T density.
Footnote 5
All that remains in order to complete the characterization of the PSM tandem repeat glycosylation pattern is the determination of its' site-specific sialylation pattern, which is currently in progress.
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